Akv1-99, a variant of Akv murine leukemia virus, induces B-cell lymphomas with nearly 100% incidence and a mean latency period of 12 months after injection into newborn NMRI mice. PCR amplification and sequence analyses of DNA flanking integrated proviruses revealed proviral insertion into the N-ras/unr (upstream of N-ras) locus in 2 out of 13 B-cell lymphomas, both of which appeared clonal by Southern blotting analysis. These two tumors showed increased expression levels of N-ras by Northern blotting, as did a third tumor shown by reverse transcriptase PCR to have a nonclonal provirus integration located in the same area. However, no significant changes in expression were observed when using a specific probe for the unr gene. All proviruses were integrated in the same transcriptional orientation as unr and N-ras genes. By promoter insertion, the two Akv1-99 proviruses integrated between exon ؊1 and exon 1 of N-ras gave rise to two different spliced products, whereas the provirus integrated into unr used only an exon skipping pattern. The absence of mutations of the N-ras codons 12, 13, 18, and 61 suggests that activation of the proto-oncogene is exclusively due to overexpression by retroviral promoter insertion, and furthermore, Northern blot analyses indicate that the expression of unr is unaffected by N-ras overexpression even in the case where the unr gene itself is the target of proviral insertion. Thus, altogether our findings indicate that overexpression of N-ras plays a role in development of murine leukemia virus-induced B-cell lymphomas, leaving the expression of the tightly linked unr gene unaltered.
Akv is an ecotropic nonacutely transforming murine leukemia virus (MLV) derived from the AKR mouse strain. Akv, as well as an Akv mutant (Akv1-99) with only one copy of the 99-bp transcriptional enhancer, induces B-cell lymphomas with latency periods of about 12 months when inoculated into newborn NMRI mice (20) . As for other nonacutely transforming retroviruses lacking internal oncogenes, one of the major steps in induction of disease involves provirus integration near a cellular proto-oncogene of an appropriate target cell that results in aberrant expression of the gene (17, 28) . During the last few decades, analyses of provirus integration sites in DNA from MLV-induced tumors have identified far more than 100 genes or loci which are thought to play critical roles in the progress of disease (reviewed in reference 24).
The ras family genes Kirsten (K-ras) and Harvey (H-ras) have previously been reported to be targeted by MLVs in a myeloid and a thymic tumor cell line, respectively, inducing disruption of the normal gene properties (10, 12, 27) , while two cases of murine B-cell lymphoma have shown MLV provirus insertion in N-ras (11, 26) . These proto-oncogenes, which participate in normal cellular growth signaling, have also been reported to be activated by single point mutations (1) . Thus, N-ras mutations can be found in a variety of human tumor types (2), including hematological malignancies such as acute myeloid and lymphoblastic leukemias (16, 21) . The clear in-
Diagram showing the locations and orientations of the three Akv1-99 insertions detected in tumor 3 (before nucleotide 335), tumor 9 (before nucleotide 1062), and tumor 11 (before nucleotide 1085) in this study (gray arrowheads) as well as previously reported insertions, SL3-3 (before nucleotide 668) and VST27016G1 (before nucleotide 1084) (11, 25) (black and white arrowheads, respectively). All five proviruses are inserted within an area of about 800 bp. Arrows indicate orientations of transcription of unr and N-ras. Shown below are the probes made by PCR that were used for Southern and Northern hybridizations. Probe A (915 bp) covers the very last untranslated 3Ј region of unr and the first two N-ras exons (positions 382 to 1297); probe B (646 bp) comprises the first two N-ras exons (positions 651 to 1297); probe C (369 bp) contains the last 3Ј exon of unr (positions 1 to 369). Positions indicated correspond to the GenBank sequence with accession no. L19607. ut, untranslated. volvement of N-ras in disease has led to extensive investigations concerning regulatory elements (23) , locus organization (13) , and transcriptional regulation (15) associated with the discovery of a 5Ј closely linked gene, unr (upstream of N-ras) (7, 14, 22) . The ubiquitous expression of N-ras and unr, besides the same transcriptional orientation of the genes, has motivated several studies regarding possible regulation of the N-ras expression by unr or vice versa (3, 4, 19) . However, no mechanism of expression modulation between N-ras and unr has been clearly detected. unr contains internal repeats with homology to cold shock domains (8) , and despite previously reported analyses concerning structure (4, 13) , nucleic acid-binding properties (9) , and genomic organization (3), the function of the gene remains unclear. Homozygous unrϪ/Ϫ mice have not been obtained, though, which suggests an embryonic lethal effect of the deletion (3).
During our search for critical genes involved in development of Akv1-99-induced B-cell lymphomas, we discovered three cases of provirus integrations into the N-ras/unr locus. All three tumors showed increased N-ras expression, while the expression of unr was unaltered. The three integrated proviruses had the same orientation of transcription as N-ras, as did two previously reported cases of MLV insertions at this site in lymphomas (11, 26) , and all five integrations were located in a narrow area of about 800 bp. This region covers the very 3Ј end of unr and the noncoding exon (exon Ϫ1) and first intron of N-ras and has been shown previously to be of importance for regulation of N-ras expression (15) . Analogous regions have been shown elsewhere to be susceptible to integration of proviruses oriented cotranscriptionally in the targeted K-ras and H-ras genes (12, 27) . Therefore, this area in general appears to be particularly susceptible to retroviral insertion in MLV-induced lymphomas, suggesting this region to be of importance for the induction-progression of disease development. Altogether, our findings indicate that overexpression of N-ras plays a role in development of MLV-induced B-cell lymphomas, leaving the expression of the tightly linked unr gene unaltered.
Amplification and sequence analyses of DNA flanking integrated proviruses. In order to identify genes involved in tumor development, we isolated proviral flanking sequences from tumors induced by the B-lymphomagenic virus Akv1-99. A simple two-step PCR method, which has previously been described as an efficient technique for isolation and sequencing of provirus-host junctions (25, 26) , was employed. By this, a total of 30 proviral flanking sequences were obtained from 13 independent Akv1-99-induced lymphomas, all of which had been widely analyzed earlier in regard to morphology and molecular characterization (20) . Following amplification and sequencing of proviral flanks, database search comparisons were performed, revealing that 12 of 30 isolated sequences were homologous to known sequences. Moreover, two of these sequences, amplified from tumors 3 and 11, showed homology to the locus N-ras/unr, thus suggesting this locus to be a preferred target in MLV-induced B-cell lymphoma development.
Clonal proviral integrations into the N-ras/unr locus. The two perfect homologies to the N-ras/unr locus sequence were obtained from DNA from tumors 3 and 11. Both proviral integrations were verified by PCR using N-ras and provirusspecific primers (data not shown), and results confirmed that the sites of integration were in the very 5Ј end of the N-ras locus, namely, 835 and 85 bp upstream of exon 1, respectively, and that the transcriptional orientations of the two proviruses were the same as those of the N-ras and unr genes (Fig. 1) . To investigate the clonality of the integrated proviruses (in the N-ras/unr locus), Southern blotting was performed as described previously (26) on HindIII-digested tumor DNAs (Fig. 2) , with an N-ras/unr probe (Fig. 1, probe A) , and in both cases a rearranged fragment of the expected size (17 kb) was observed, indicating that the two proviruses were clonally integrated. In addition, the absence of rearrangements in the other tumor DNAs indicated that no additional clonal Akv1-99 provirus integrations in the N-ras/unr locus were present in the remaining 10 lymphoma samples analyzed (Fig. 2) .
Expression levels of the mouse N-ras and unr genes. To examine if the integrated proviruses affected the expression of N-ras, Northern blot analyses were performed (Fig. 3) using the three different probes shown in Fig. 1 . Previous reports have shown three species of N-ras mRNA of 5.0, 2.4, and 1.3 kb, respectively, where the 2.4-kb transcript signal has been reported to be weak, and the difference in sizes reflects usage of different poly(A) sites all downstream of the coding region (5, 18, 19) . In agreement with these observations, two predominant transcripts of 5.0 and 1.3 kb were observed. Analyses using probe A, which covers the first two N-ras exons and the very last untranslated 3Ј region of unr, showed overexpressed N-ras transcripts in three tumors, namely, tumor 3, tumor 9, and tumor 11 (Fig. 3A) . In all three cases, the 5.0-kb transcript was observed to be overexpressed compared to the remaining tumors and using glyceraldehyde-3-phosphate dehydrogenase as an internal control (Fig. 3D) . In addition, the 1.3-kb transcript was overexpressed in both tumor 9 and tumor 11, but the ratio between the intensities of the 5.0-and 1.3-kb transcripts appeared to be inversely proportional in the two tumors (Fig.  3A) .
Rehybridization of the filter with probe B, covering only N-ras exons, presented a similar pattern of increased expression for N-ras in the three tumors (Fig. 3B) . In contrast, however, a probe containing the last 3Ј exon of unr (probe C) showed no major differences in expression levels of unr in the 11 examined tumors (Fig. 3C) , indicating that the expression of the unr gene was not affected by the integrated proviruses, nor 5 . Splicing of N-ras. In tumor 3, exon Ϫ1 is skipped during RNA processing (cryptic splice donor and normal exon 1 splice acceptor sites, located at positions 357 and 1170, respectively; positions correspond to the GenBank sequence with accession no. L19607). In tumors 9 and 11, two mRNAs are generated. Splice product A contains the intron fragment from the provirus to exon 1, and splice product B contains a minor intron 1 fragment (cryptic splice donor and normal exon 1 splice acceptor sites, at positions 1097 and 1170, respectively; positions correspond to the GenBank sequence with accession no. L19607). Provirus-specific primer a (5Ј-TCCGAATCGTGGTCTCGCTGATCCTTGG-3Ј) and N-ras primer b (positions 428 to 405; GenBank accession no. X13664) were used in all cases. Arrowheads indicate the locations of the proviruses and proviral sequences. ut, untranslated.
mal unr transcript, while the larger ones (620 and 560 bp) were consistent with transcripts ending in the integrated proviruses using the normal viral poly(A) signal. Two resulting products are in accordance with one allele containing a provirus while the other lacks that integration. However, the difference in size is not sufficient under our conditions of Northern blot analysis (Fig. 3C) to definitely establish whether the observed 5.0-kb band comprises both transcripts.
Taken together, these Northern blotting experiments revealed overexpression of N-ras in lymphomas 3, 9, and 11, while unr expression levels seemed to be unaffected by the integrated provirus.
Point mutation and splicing analyses of the N-ras/unr locus. Point mutations and increased expression have been reported previously to induce disruption in the normal function of N-ras (1). In order to investigate possible mutagenesis in significant codons, including codons 12, 13, 18, and 61, mutations of which in the human gene are well known to be responsible for the activation of the N-ras oncogene (1, 6) , reverse transcriptase PCR (RT-PCR) and cDNA sequence analyses for all tumor samples were performed. These analyses, which comprised codons 1 to 66 of the N-ras protein, revealed no alterations (data not shown), indicating that, in tumors 3, 9, and 11, the proto-oncogene is activated solely by overexpression. The analyses of the sequences of the amplified cDNA in tumor 9 showed that also in this case a provirus had inserted into N-ras, and it was located at the downstream end of intron 1 (Fig. 1) , thus being consistent with the increased expression level of N-ras observed for this tumor (see above).
Furthermore, the RT-PCR analyses revealed that two different patterns of splicing were followed in tumors 9 and 11, while a single pathway was observed in tumor 3 (Fig. 5) . In all cases, splicing was carried out using cryptic splice donor sites. RT-PCR of tumor 3 using a provirus-specific primer (primer a [ Fig. 5] ) and a primer located at the 5Ј end of N-ras exon 2 (primer b [Fig. 5] ) followed by sequence analyses showed skipping of the last 90 nucleotides of the last unr exon as well as of the N-ras noncoding exon Ϫ1. Two different mRNAs were observed when analyzing tumor 9 using the same primer set; in one case, all the intron fragment located between the provirus and the first coding exon (exon 1) was present, while in a second case the majority of that intron was spliced out. A similar pattern was observed in tumor 11, in which the same functional, cryptic splice donor site located in the first intron was used, together with the normal splice acceptor site at exon 1 of N-ras (Fig. 5 ). The role of these different splice products, e.g., whether they affect the differential usage of the poly(A) sites, cannot be determined.
Conclusions. Herein, we have amplified and analyzed flanking sequences of integrated proviruses in lymphomas induced by the Akv1-99 MLV and identified three integrations in the N-ras/unr locus. All three proviruses were shown to be located in a region previously reported to contain a provirus integration in an SL3-3 MLV-induced tumor (26) and in an AKXD mouse tumor (11) . Expression analyses showed an increase of N-ras RNA levels in the three tumors containing a proviral insertion in this locus, despite the fact that only two of them seemed to be clonal as assessed by Southern blotting analysis. The tumors found to harbor the integration were classified earlier as B-cell tumors (tumors 3 and 11) and mixed T-cell-B-cell tumors (tumor 9) (20) , while the other, previously described proviral N-ras integrations were classified as B-cell tumors (11, 26; unpublished results) . This altogether suggests that N-ras is targeted by MLV primarily in B-cell tumors.
Sequencing analyses of DNA from all tumors showed no point mutations in any of the N-ras codons critical for human oncogenic activation by point mutations, indicating that activation is exclusively a consequence of the retroviral integration. Thus, in summary, we have shown that N-ras is activated by promoter insertion in 3 out of 13 independent Akv1-99-induced tumors, suggesting a tight relationship between MLVinduced B-cell lymphoma development and N-ras proviral integration. Moreover, we have also shown that unr expression seems unaffected by the activation of N-ras.
